The epithelial to mesenchymal transition (EMT) that occurs during embryonic development has begun to attract attention as a potential mechanism for tumor cell metastasis. Snail is a well-known Zn-finger transcription factor that promotes EMT by repressing E-cadherin expression. It is known that Snail is phosphorylated by GSK3b and degraded by b-TrCP-mediated ubiquitination. Here we described another protein kinase, CK1, whose phosphorylation of Snail is required for the subsequent GSK3b phosphorylation. Specific inhibition or depletion of CK1e inhibits the phosphorylation and degradation of Snail and promotes cell migration, suggesting a central role of CK1e in the EMT process. Furthermore, our study uncovered distinct roles and steps of Snail phosphorylation by CK1e and GSK3b. Taken together, we identified CK1e as a new component of the Snail-mediated EMT process, providing insight into the mechanism of human cancer metastasis.
Introduction
The epithelial to mesenchymal transition (EMT) is a key event in cancer cell invasion, which accounts for about 90% of cancer deaths (Pantel and Brakenhoff, 2004; Zhou and Hung, 2005) . The EMT process is associated with the functional loss of E-cadherin, an essential step towards the invasive phase of carcinoma (Nieto, 2002; Thiery, 2002) . The loss of E-cadherin is due to the transcriptional down-regulation rather than gene loss or mutation in many metastatic cancer cells (Birchmeier et al., 1991; Cavallaro and Christofori, 2004) , and E-cadherin expression has been associated with Snail, a Zn-finger transcription factor (Batlle et al., 2000) .
Snail binds to the E-box motifs of its target gene promoters through a C-terminal Zn-finger domain and represses their transcription by associating with histone deacetylase activity through its N-terminal region (Batlle et al., 2000; Peinado et al., 2004) .
The transforming growth factor-b signaling has been shown to increase Snail transcription during the woundhealing process (Peinado et al., 2003) . However, Snail mRNA is constitutively present in many cells, even in the absence of the activation of this signaling pathway (Zhou et al., 2004; Lee et al., 2009) . Snail is also regulated at the protein level in many cells and is constantly degraded by proteasome, depending on the phosphorylation status (Zhou et al., 2004) . As the halflife of Snail is very short in cells, the detection of Snail protein in cells is difficult (Zhou et al., 2004) .
Snail has many parallels with a transcriptional coactivator, b-catenin. Cytosolic b-catenin is phosphorylated by GSK3b at serine or threonine residues in its N-terminal domain (Liu et al., 2002) . The phosphorylated b-catenin is recognized by the b-TrCP-a F-box protein of the Skp1-Cul1-F-box-protein E3 ubiquitin ligase complex (Winston et al., 1999) , then polyubiquitinated and thus targeted for proteasomal degradation (Aberle et al., 1997; Orford et al., 1997) . Likewise, Snail is phosphorylated by GSK3b at Ser/Thr residues (Figure 1a) , which is then recognized by b-TrCP for degradation (Zhou et al., 2004) . Wnt stimulation inhibits the GSK3b activity towards b-catenin (Liu et al., 2002; Piao et al., 2008) and Snail (Yook et al., 2005 (Yook et al., , 2006 through distinct mechanisms, thereby inducing the accumulation of both proteins in cells.
It is well established that b-catenin requires CK1 as a priming kinase for GSK3b phosphorylation, which requires a phosphorylated Ser/Thr residue at the p þ 4 position of the substrate (Liu et al., 2002) . CK1 phosphorylates b-catenin at Ser45, providing a priming site for the subsequent GSK3b phosphorylation of b-catenin (Thr41, Ser37 and Ser33) (Liu et al., 2002) . However, it remains to be elucidated whether GSK3b requires a priming kinase for phosphorylating Snail. The similarities between the two proteins prompted us to examine the involvement of CK1 in the phosphorylation of Snail. In this study, we provided evidence that the phosphorylation of Snail is primed by CK1, which is analogous to the phosphorylation of b-catenin.
Results
Sequence analysis predicted the presence of two GSK3b target regions in Snail: site I (residues 96-104) and site II (residues 107-119) (Zhou et al., 2004) . Site I comprises the destruction box that is recognized by b-TrCP, containing two serine residues (Ser96 and Ser100). Site II covers the Ser/Thr-rich cluster ranging from Ser107 to Ser119 and is involved in the nuclear export of Snail, when phosphorylated by GSK3b (Dominguez et al., 2003; Zhou et al., 2004) (Figure 1a ). As Snail is degraded via b-TrCP when Ser96 and Ser100 residues are phosphorylated, the detection of the phosphorylation at Ser96 and Ser100 is important for monitoring the stability of Snail in cells. In particular, the phosphorylation at Ser96 has an important role in regulating the stability of Snail, because Ser96 is the final phosphorylation site that is required for the b-TrCP binding.
Anti-phospho-b-catenin (S33/37/T41) antibody can recognize phosphorylated Ser96 in Snail To investigate how Snail is phosphorylated by GSK3b, we developed an in vitro kinase assay for the phosphorylation of Snail at Ser96, using purified proteins and a phospho-specific antibody. As no phospho-specific antibody for this site is available, we attempted to find an alternative antibody that recognizes this phosphorylation site. Given the similarity in sequence identity between the signature sequence (Asp-Ser-Gly) of the b-TrCP target site in Snail and that of b-catenin (Figure 1a ), a polyclonal anti-phosphob-catenin (Ser33/37/Thr41) antibody was tested for this purpose in western blot analysis. This antibody was generated from a synthetic phospho-peptide corresponding to the residues surrounding the Ser33, Ser37 and Thr41 of human b-catenin (SYLDSGIHSGAT TAPC, where S or T represents phosphorylated S or T), and it recognizes the phosphorylation of b-catenin at Ser33, Ser37 or Thr41 (Liu et al., 2002) .
Two glutathione-S-transferase (GST)-fused Snail fragments (residues 91-112 and residues 91-128) were used as substrates (Figure 1a) . The smaller fragment (Snail-S) is composed of the conserved serine residues that are present in Snail from Drosophila to human and includes the b-TrCP recognition site; the longer one (Snail-L) has the additional Ser/Thr-rich cluster attached to the Snail-S fragment (Figure 1a ). Western blot analysis showed strong bands when the recombinant kinase domains of CK1e and GSK3b were incubated with the Snail fragments, indicating that Snail is phosphorylated by the combination of CK1e and GSK3b. In addition, the results suggest that the antiphospho-b-catenin (Ser33/37/Thr41) antibody is a candidate to detect the phosphorylation of Snail at Ser96 (Figure 1b) .
To examine whether this anti-phospho-b-catenin (Ser33/37/Thr41) antibody specifically recognized the phosphorylation of Snail at Ser96, we added a synthetic phospho-peptide (pS96; Figure 1 ) containing the phosphorylated Ser96 residue and its adjacent residues, when this antibody was used as the primary antibody in western blot. The bands corresponding to the Snail proteins disappeared, whereas the GSK3b band that was not recognized by the antibody was not affected (pS96 þ ; Figure 1b right) . Moreover, the band intensity of the fully phosphorylated b-catenin fragment (1-133) that contains the natural target sites of the antibody was only partially reduced by the treatment of the synthetic phospho-peptide (Figure 1b lane 9) . These results exclude the possibility that the synthetic phosphopeptide pS96 non-specifically block phospho-specific antibodies in the experiment using the Snail fragments.
This result shows that the polyclonal anti-phospho-bcatenin (Ser33/37/Thr41) antibody contains antibodies that specifically recognize the phosphorylated Ser96 residue in Snail. The specificity of the antibody was verified using the Snail S96A mutant protein. This mutant was not recognized by the antibody due to the lack of the phosphorylation recognition site (Figure 1c ). Given the specificity of the anti-phospho-b-catenin (Ser33/37/Thr41) antibody, we used it to investigate the phosphorylation of Snail at Ser96 in this study.
The Snail phosphorylated by CK1 and GSK3b can bind to b-TrCP To assess the Snail fragment phosphorylated by the cotreatment of CK1 and GSK3b using a cellular component, the phosphorylated protein was incubated with the cell lysate containing b-TrCP that recognizes the phosphorylated Snail. Only the phosphorylated form of Snail specifically interacted with the b-TrCP protein in the cell lysate (Figure 1d ). This finding indicates that the kinases phosphorylate Snail at the Ser96 residue, presumably also at the Ser100 residue, because b-TrCP efficiently binds to the DSGxxS motif when both Ser residues are phosphorylated in this motif (Winston et al., 1999; Frescas and Pagano, 2008) . In this experiment, the binding of p53 to the Snail fragment (Lee et al., 2009 ) was examined as a positive control, because the Snail fragment contains a p53-binding region. The phosphorylation of Snail by the cotreatment of GSK3b and CK1 did not affect its binding to p53 in the cell lysate (Figure 1d ).
Both CK1 and GSK3b activities are required to phosphorylate Snail at Ser96
To analyze the role of CK1, we treated the Snail-MC fragment (residues 91-264, containing the Zn-finger domain) that is more physiologically relevant than the other shorter fragments with CK1e and GSK3b, respectively, or in combination. As shown in Figure 2a , GSK3b could not phosphorylate Ser96 in any tested Snail fragments in the absence of CK1. However, the Snail fragments were strongly phosphorylated at Ser96 when both GSK3b and CK1 were present (Figure 2a) . The Snail-MC fragment was phosphorylated more efficiently by the co-treatment of GSK3b and CK1 (Figure 2a ) than the other shorter fragments (Figure 1 ), even though a much smaller amount was used, indicating that the Snail-MC fragment is a better substrate than the other shorter Snail fragments. These results suggest that Snail requires CK1, as well as GSK3b, in the phosphorylation of Snail, as in the case of b-catenin (Liu et al., 2002) , and that the Zn-finger domain of Snail may have a role in the phosphorylation by CK1.
To rule out the possibility that CK1 may function as an allosteric activator of GSK3b or Snail, we generated a non-catalytic CK1e mutant protein and measured Ser96 phosphorylation in the presence of both GSK3b and the mutant CK1e protein. As shown in Figure 2b , the non-catalytic CK1 protein was not involved in the phosphorylation at Ser96, even in the presence of active GSK3b, demonstrating that the CK1 kinase activity is responsible for the phosphorylation of Snail in cooperation with GSK3b. Likewise, the phosphorylation rate was significantly inhibited by a potent GSK3b inhibitor, lithium chloride, demonstrating that GSK3b catalytic activity is also important, which has been previously reported (Zhou et al., 2004; Figure 2c ).
CK1 is essential for the phosphorylation of Snail by GSK3b and interacts with the Zn-finger domain of Snail Given the importance of the Zn-finger domain of the Snail-MC fragment in phosphorylation, we tested the involvement of Zn 2 þ in the phosphorylation of Snail at Ser96. As shown in Figure 3a , the phosphorylation rate of the Snail-MC fragment by the kinases was significantly decreased when Zn 2 þ was removed from the substrate Snail-MC fragment by EDTA before the enzymatic reaction. Consistent with this observation, the GST-fused Snail-MC fragment specifically bound to CK1e in cells, while the GST-fused Snail fragments (residues 1-90 or 91-128) lacking the Zn-finger domain failed to interact with CK1e ( Figure 3b ). These results suggest that the Zn-finger domain of Snail provides a docking site for CK1e, and that CK1e phosphorylates a residue that may not be Ser96 but is crucial for the phosphorylation of Snail at Ser96. We next examined which kinase activity determines the overall rate of phosphorylation of Snail. We observed the increased phosphorylation of Snail at Ser96 with increasing doses of CK1 in the presence of GSK3b, suggesting that the CK1 activity regulates the phosphorylation rate of Snail (Figure 3c ). In contrast, we did not see the dose-dependent effect of GSK3b in the presence of CK1, even though GSK3b activity is indispensable for the phosphorylation of Snail ( Figure 3d and Supplementary Figure S3 ). This result suggests that the kinase activity of GSK3b toward Snail is saturated even at a low concentration, and that CK1 activity may be a limiting factor for the phosphorylation of Snail.
CK1 regulates the stability of Snail protein in cells
To examine the role of CK1 in the phosphorylation of Snail in cells, we treated a prostate cancer cell line, PC3, and a lung cancer cell line, A549, with a CK1 d/eselective inhibitor, IC261 (Mashhoon et al., 2000) , or a GSK3b inhibitor, lithium chloride. We found that both IC261 and lithium chloride elevated the endogenous Snail protein level (Figure 4a ). These observations indicate that CK1, in cooperation with GSK3b, can regulate the stability of Snail by regulating the phosphorylation level of Snail. However, the increase The sequence in the green box represents the Ser/Thr-rich cluster. The bold and underlined S in the pS96 peptide represents the phosphorylated serine residue. All serine or threonine residues are underlined. The Snail Ser96 and Ser100 residues are considered to be phosphorylated by GSK3b (Zhou et al., 2004) . (b) Left (pS96À): the GST-fused Snail-S fragment (GST-Snail-S) and the GST-fused Snail-L fragment (GST-Snail-L; 1 mg/ml) were phosphorylated by co-treatment with GSK3b and CK1e and were detected by the anti-phospho-b-catenin (S33/37/T41) in western blotting analysis (indicated by *; lanes 1-6). GSK3b was non-specifically recognized by the antibody, indicated by the blot of GSK3b. In a control, the b-catenin fragment (1-133) was phosphorylated by CK1e or/and GSK3b, and then was immunoblotted with the antibody (lanes 7-8). The phosphorylated b-catenin fragment by the co-treatment of CK1e and GSK3b was strongly recognized by the antibody (indicated by # lanes 7-9). Interestingly, CK1e alone was able to phosphorylate the b-catenin fragment at Ser33, Ser37 or Ser41, indicated by the phospho-specific antibody (lane 8). Coomassie blue-stained PVDF membranes used for this experiment are shown at the bottom. Right (pS96 þ ): the same procedure was performed, except that 1 mg/ml of the pS96 peptide was co-incubated with the anti-phospho-b-catenin (S33/37/T41) antibody in western blotting. Anti-pSnail (S96) represents the antibody that was used in the western blot analysis as a primary antibody. (c) Confirmation of the specificity of the anti-phospho-b-catenin (S33/37/T41) antibody toward the phosphorylated Ser96 of Snail. Only the wild-type (WT) GST-fused Snail-L fragment (1 mg/ml) was recognized by the anti-phospho-b-catenin (S33/37/T41) antibody in western blot, when CK1e and GSK3b were co-incubated. The GSK3b band, non-specifically recognized by the antibody, was weakly shown over the Snail phosphorylated Ser96 band, indicated by *. (d) Phosphorylation-dependent binding of Snail to b-TrCP in MDA-MB 468 cell lysates. To detect the interaction between Snail and b-TrCP, GST pull-down assays were performed using whole-cell lysates (WCL) from MDA-MB 468 cells. Only the phosphorylated GST-fused Snail-L fragment (p-GST-Snail-L) interacted with b-TrCP, while the unphosphorylated fragment (GST-Snail-L) did not. p53 protein also bound to the GST-fused Snail fragments regardless of their phosphorylation status, consistent with our previous report (Lee et al., 2009 ). b-TrCP, p53 and GST were visualized using the corresponding antibodies in western blot. Figure 2 Cooperative activity of CK1 with GSK3b and the interaction of CK1 with Snail. (a) Snail Ser96 is strongly phosphorylated by the co-treatment with CK1 and GSK3b in vitro. The Snail-MC fragment (40 mg/ml) was incubated with the kinase domain of CK1e and/or GSK3b in kinase reaction buffer, and subsequently immunoblotted using the anti-phospho-bcatenin (S33/37/T41) antibody to detect the phosphorylation of Snail at Ser96. The Snail fragment is strongly phosphorylated only in the presence of both kinases. Recombinant kinase domains of GSK3b (4 mg/ml) and CK1e (4 mg/ml) were used. (b) A CK1 kinase inactive mutant, CK1e (D128N), has no effect on the phosphorylation of Snail at Ser96. The catalytically inactive mutant of CK1e (D128N) was used at concentrations from 8 to 40 mg/ml. CK1e and GSK3b were used at 8 mg/ml in this experiment. (c) A GSK3b inhibitor, lithium chloride, inhibits the phosphorylation of Snail at Ser96 by the two kinases. The phosphorylation at Ser96 of Snail was performed and detected as shown in Figure 3a . The result is consistent with the previous observations that lithium chloride increased the cellular Snail level (Zhou et al., 2004) . Figure 3 The importance of the Zn-finger domain of Snail in phosphorylation by CK1 and a more determinant role of CK1 activity than GSK3b activity in vitro. (a) Importance of the Zn 2 þ of Snail in the phosphorylation. The Snail-MC fragment was pre-treated ( þ ) or untreated (À) with 2 mM EDTA, and then the EDTA was removed by dialysis. (b) GST pull-down shows that the Snail Zn-finger domain specifically interacts with CK1e in cells. Glutathione-coupled resin bound to the individual GST-fused Snail fragment (Snail-N, Snail-L or Snail-MC) was incubated with the whole-cell lysate (WCL) from 293 cells, analyzed by SDS-PAGE, and immunoblotted with the indicated antibodies. (c) CK1 enhances the phosphorylation of Snail at Ser96 in the presence of GSK3b in a dose-dependent manner. Snail-MC fragment (40 mg/ml) was used as a substrate. GSK3b was used at 8 mg/ml and CK1e was used as indicated (4-24 mg/ml). (d) GSK3b alone cannot phosphorylate Snail at Ser96, and the phosphorylation by the two kinases is not sensitive to the amount of GSK3b. Snail-MC fragment (40 mg/ml) was used as a substrate. CK1e was used at 8 mg/ml, and GSK3b was used as indicated (0.8-16 mg/ml). A similar result was obtained when the GST-fused Snail-L fragment was used (Supplementary Figure S3) . Figure  S1) , suggesting that other mechanisms may exist in the regulation of the Snail protein level in this cell line. To confirm whether the phosphorylation by CK1 is required for the ubiquitin-mediated Snail degradation, Snail-overexpressing cells were treated with CK1e small interfering RNA (siRNA) and the ubiquitinated Snail was measured by western blot analysis. As shown in Figure 4b , the ubiquitination of Snail was apparently reduced by silencing CK1e. Indeed, pulse-chase analysis using a protein biosynthesis inhibitor, cycloheximide, further demonstrated that inhibiting CK1e by siRNA extended the half-life of Snail in cells (Figure 4c ). Taken together, these observations demonstrate that CK1 is required for the Snail degradation mediated by phosphorylation of Snail in cells.
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Our findings are in agreement with the previous observation of GSK3b phosphorylation of the destruction box of Snail in cells or cell extracts (Zhou et al., 2004) , because the CK1 activity is constitutively present in cells. Our observations showed a critical role of CK1 in GSK3b-mediated phosphorylation of the b-TrCP recognition site and thus highlight its important role in vivo.
CK1e is responsible for the phosphorylation and degradation of Snail in cells CK1 has a, g, d and e isoforms that are biochemically related but have different physiological roles in cells (Gross and Anderson, 1998; Knippschild et al., 2005) . As CK1g is localized on the cytoplasmic membrane and CK1d is structurally and functionally similar to CK1e, only CK1a and e isoforms were examined in this study.
To examine which CK1 isoform has a dominant role in the phosphorylation of Snail in cells, we depleted the endogenous CK1a or CK1e in PC3 cells using isoformspecific siRNAs. CK1e siRNA dramatically increased the protein level of Snail in cells, whereas CK1a siRNA showed only a marginal effect (Figure 5a ). To examine their relationship with GSK3b activity, we reduced the cellular GSK3b activity by co-treatment of siRNA and insulin-like growth factor-1 in cells (Figure 5a ). Cotreatment with insulin-like growth factor-1 resulted in a moderate increase in Snail level in the cells transfected with control siRNA or CK1a siRNA. However, because CK1e siRNA may have raised the cellular Snail level to its maximum, co-treatment with insulin-like growth factor-1 did not induce a further increase in Snail level. Consistent with our observations in cells, we observed that CK1a failed to phosphorylate Snail at Ser96 when cells were co-treated with GSK3b in our purified system (Figure 5b ). We found that the CK1a siRNA used in the previous publications also reduced the level of CK1e transcript (Supplementary Figure S2) , which could explain the moderate increase in the cellular Snail level caused by this CK1a siRNA. Furthermore, unlike CK1e, CK1a failed to bind to Snail in vitro, suggesting a limited role of CK1a in the phosphorylation of Snail (Figure 5c ). Taken together, our findings indicate that the CK1e isoform is a primary kinase for the phosphorylation and degradation of Snail protein in cells.
Inhibition of CK1e down-regulates E-cadherin and promotes cell migration
We next assessed the ability of Snail regulated by CK1e to induce the EMT process in cells. The treatment of a CK1e inhibitor or the transfection of CK1e siRNA significantly reduced the level of E-cadherin protein, an established marker for EMT, which is repressed by Snail (Batlle et al., 2000; Peinado et al., 2004;  Figure 6a) . Moreover, the silencing of CK1e by siRNA repressed Figure S2. (b) Only CK1e, but not CK1a, can phosphorylate Snail in vitro. The recombinant CK1a concentration was determined by comparison with the activity of CK1e on bcatenin at Ser45. GSK3b and CK1e were used at 4 mg/ml, and CK1a was used at 4 or 20 mg/ml in this experiment. The Snail-MC fragment substrate was used at 20 mg/ml. (c) Inability of CK1a to interact with Snail. Glutathione-associated GST-fused Snail-MC (GST-Snail-MC) proteins (wild type, S104A or S107A mutant) were incubated with 293 cell lysate, and the bound proteins were analyzed by western blot after washing. Only CK1e was able to bind to Snail. CK1e showed reduced binding to the S104A and S107A Snail mutants.
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Claudin transcription, which is also repressed by Snail (Ikenouchi et al., 2003) , and up-regulated Fibronectin (Lee et al., 2006) ; both phenomena are EMT characteristics (Figure 6a ). Consistent with these observations, cell migration was dramatically increased by silencing CK1e, whereas the co-silencing of CK1e and Snail by siRNAs inhibited cell migration (Figure 6b ), indicating that cell migration is promoted by Snail, in response to the suppression of CK1e in cells. Our findings collectively suggest that CK1e depletion may promote the EMT process in cells by stabilizing Snail.
Phosphorylation of Ser104 by CK1e may serve as a priming site for the subsequent phosphorylation of Snail by GSK3b To examine how CK1e facilitates the GSK3b phosphorylation of Snail, mass spectrometric analysis was performed to detect phosphorylation using the diverse Snail fragments in combination with either one or both of the two kinases. Results of this experiment were inconclusive, perhaps due to the multiple phosphorylation sites and the inappropriate length of the tryptic fragments of interest. Instead of the direct detection of phosphorylation, we applied an indirect approach using the Snail-MC fragment variants in which Ser100, Ser104 or Ser107 were replaced with alanine. Using the mutant Snail proteins, we found that all the tested serine residues were critical for the phosphorylation at Ser96, when both GSK3b and CK1e were present (Figure 7a) . None of the mutated Snail proteins were phosphorylated at Ser96 by the co-incubation of the two kinases. In agreement with our results, Snail Ser100 and Ser96 have been considered to be GSK3b target sites (Zhou et al., 2004; Yook et al., 2005) .
The inability of the co-incubated GSK3b and CK1 to phosphorylate the S104A and S107A mutant Snail proteins in a purified system suggests a prolonged half-life of S104A and S107A mutants. To evaluate the stability of these mutants, the GST-fused Snail-MC fragments containing the mutations were incubated with cell lysate. As expected, the ubiquitination of S104A and S107A Snail mutants was reduced and, accordingly, the stability of these mutants was increased, whereas the wild-type Snail fragment was rapidly degraded by the components of the cell lysate (Figure 7b ). This result confirmed the key role of the Ser104 and Ser107 residues in the phosphorylation of Snail by CK1e and GSK3b and the cellular stability of Snail.
Although the Ser104 and Ser107 residues have been known to have a critical role in the GSK3b-mediated phosphorylation of Snail in cells (Yook et al., 2005) , phosphorylation of Snail by CK1e and GSK3b (a) The phosphorylation of Snail at Ser96 depends on Ser100, Ser104 and Ser107. The Snail-MC fragment and its variants were phosphorylated by the kinase domains of CK1e (4 mg/ml) and GSK3b (4 mg/ml). A mutation at Ser100, Ser104 or Ser107 abolished the phosphorylation at Ser96 by the co-treatment of GSK3b and CK1e. The Snail-MC fragment substrate was used at 40 mg/ml. (b) Snail Ser104 and Ser107 residues are important in the ubiquitin-dependent degradation of Snail. Recombinant proteins of the wild-type or mutant GST-fused Snail-MC fragments, bound to glutathione agarose, were incubated with 293 cell lysate for the indicated time. The bound proteins were analyzed by immunoblotting. (c) A model of the phosphorylation and recognition of Snail by b-TrCP. CK1e phosphorylates Snail at Ser104 and Ser107, and the phosphorylation of Ser104 allows GSK3b to phosphorylate Ser100, then Ser96 and Ser92. The phosphorylation at Ser96 and Ser100 creates the recognition site for b-TrCP. It has been proposed that the canonical Wnt signaling inhibits the phosphorylation and degradation of Snail by sequestering GSK3b in the nucleus in breast cancer cells (Yook et al., 2006) .
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Y Xu et al it remains elusive which kinase directly phosphorylates Ser104 and Ser107 in cells. The phosphorylation at Ser104 is a pre-requisite for the phosphorylation at Ser100 by GSK3b, because GSK3v prefers substrates with a phosphorylated Ser/Thr residue as the fourth residue after the C-terminal of the target site (Frame et al., 2001) . Based on our analysis of the mutants, we suggest that Ser104 is phosphorylated by CK1e, which provides the priming site for the subsequent phosphorylation at Ser100 and Ser96 by GSK3b (Figure 7c ). The requirement of an intact Ser107 may have a role in the phosphorylation at Ser104 by CK1. We speculate that the Ser104 and Ser107 residues located in the prolinerich sequence, 102 PPSPPSP, which is strictly evolutionarily conserved, may be a novel class of the sub-optimal target sequence of CK1. Although the PPSPPSP sequence is not a canonical CK1 target site, it may be efficiently phosphorylated by CK1e, owing to the induced proximity effect mediated by the Snail Zn-finger domain and CK1e.
Moreover, we observed an affinity between the substrate sequence, PPSPPSP, and the enzyme, CK1e (Figure 5c ). When Ser104 or Ser107 in the sequence was mutated, the Snail-MC fragment showed a reduced binding to CK1e. As Ser104 and Ser107 are located in the putative substrate site, this interaction may reflect the interaction between the substrate and the enzyme active site. Taken together, our observations suggest that the Ser104 and Ser107 residues of Snail are phosphorylated by cellular CK1, but not by GSK3b, which serve as the priming sites for the subsequent phosphorylation of Snail by GSK3b. In addition, the characteristic kinase domain and/or C-terminal tail of CK1e (Dahlberg et al., 2009 ) might contribute to the CK1e-specific phosphorylation of Snail.
Discussion
To date, only GSK3b has been characterized as a kinase responsible for the phosphorylation of Snail. Here we revealed CK1e as a new player in the phosphorylation of the b-TrCP recognition region of Snail, in collaboration with GSK3b. Given the interaction between CK1e and the Snail Zn-finger domain, CK1e is thought to more efficiently phosphorylate the non-consensus sequence around the b-TrCP recognition region, providing a priming site for GSK3b. Consistently, we further observed that cellular Snail protein was markedly stabilized and that the EMT process was promoted when the transcription of CK1e was suppressed in cells.
Although CK1 family members are constitutively active in many different tissues and cell lines (Tuazon and Traugh, 1991) , a number of effectors are able to modulate CK1 expression and activity through different mechanisms (Knippschild et al., 2005) . Treating cells with insulin (Cobb and Rosen, 1983) , Wnt stimuli (Swiatek et al., 2004) , topoisomerase inhibitors (Knippschild et al., 1997) or g-radiation (Santos et al., 1996) results in elevated levels of CK1 activity and/or protein expression. Of these, Wnt is a well-characterized stimulus to induce the translocation of CK1e to the cell membrane with an enhanced activity (Swiatek et al., 2004; Knippschild et al., 2005) .
The Wnt/b-catenin signaling pathway has been implicated as a dominant regulator in the EMT process of the mammary gland, which is critical for morphogenesis (Chu et al., 2004; Cowin et al., 2005; Reya and Clevers, 2005) . Axin2 is strongly induced by Wnt stimulation to decrease the duration of the Wnt/ b-catenin signaling pathway (Jho et al., 2002) and, similar to Axin, it mediates the phosphorylation and degradation of b-catenin by binding to GSK3b, CK1 and b-catenin (Behrens et al., 1998) . Yook et al. (2006) reported that nuclear GSK3b is depleted via the nucleocytoplasmic shuttling of GSK3b by Axin2, resulting from the nuclear export signal of Axin2 and leading to the nuclear retention and stabilization of Snail. CK1e is a key positive regulator of Wnt/b-catenin signaling (Peters et al., 1999) and CK1e is diffusely distributed in the cytoplasm and nuclear region in the absence of Wnt stimulation (Kishida et al., 2001) . As CK1e can associate with Axin2, similar to GSK3b (Behrens et al., 1998; Sakanaka et al., 1999; Jho et al., 2002) , it is expected that nuclear CK1e is also exported to the cytoplasm through the Axin2 binding induced by Wnt stimulation. This nuclear depletion of CK1e via Axin2 may have a cumulative effect on the nuclear depletion of GSK3b and thus have an important role in the stabilization and/or nuclear retention of Snail. As an alternative mechanism to the Axin2-mediated export, nuclear CK1e could be depleted as an initial event during the activation of the Wnt signaling pathway. Nuclear CK1e would be exported to the cytoplasmic membrane, because Wnt stimulation immediately induces the re-localization of CK1e to the Dvl puncta on the cytoplasmic membrane (Kishida et al., 2001; Bilic et al., 2007; Schwarz-Romond et al., 2007) . Further investigation is warranted to gain insight into which mechanism is more important in the stabilization of Snail, in response to Wnt stimulation.
In conclusion, our study uncovered distinct roles and steps of Snail phosphorylation and identified CK1e as a new component of the Snail-mediated EMT process. It also shed light on the elucidation of the molecular mechanism of Snail regulation, which is an important axis for the regulation of EMT process in normal and cancerous status.
Materials and methods
Experimental procedures for transfection and protein analysis, phosphorylation of Snail fragments, western blotting, immunoprecipitation and RT-PCR are described in Supplementary Information.
Plasmids and siRNA DNA fragments encoding human Snail fragments were obtained from pCR3.1-Snail-Flag (Yook et al., 2006) by PCR and inserted into the pGEX-TEV vector for expression as GST-fusion proteins in Escherichia coli. DNA fragments encoding human CK1a were obtained from a human cDNA library by PCR and inserted into the pET21d vector (Invitrogen, Carlsbad, CA, USA) using NcoI and XhoI sites, yielding pET21d-hCK1a. For the expression in E. coli, sitedirected mutagenesis was performed using the QuikChange method. The mammalian expression vector for Snail has been described previously (Yook et al., 2006; Lee et al., 2009) . The siRNAs for CK1a and CK1e were prepared as previously described (Liu et al., 2002) . The HA-Ubiquitin expression vector was provided by S Kim (Seoul National University, Republic of Korea; Kim et al., 2003) .
Antibodies
The anti-phospho-b-catenin (Ser33/37/Thr41) antibody was purchased from Cell Signaling (Beverly, MA, USA). The antiSnail, anti-b-TrCP, anti-p53, anti-actin, anti-b-catenin, anti-GST, anti-tubulin, anti-HA, anti-ubiquitin and anti-CK1 antibodies were purchased from Santa Cruz (Santa Cruz, CA, USA). The antibody against FLAG peptide (M2) was obtained from Sigma (St Louis, MO, USA) and the antibody against E-cadherin was purchased from Zymed Laboratories inc. (South San Francisco, CA, USA)
Expression and purification of recombinant proteins
The kinase domains of mouse GSK3b (residues 27-393) and CK1e (residues 1-319) were expressed and purified as previously described (Ha et al., 2004) . The b-catenin (1-133) fragment was obtained as described previously (Piao et al., 2008) . To obtain the recombinant human CK1a protein, pET21d-hCK1a was expressed in E. coli and purified using the same procedure as for the purification of the kinase domain of CK1e and its variant. The Snail fragments and its variants were expressed in E. coli as GST-fusion proteins and purified by glutathione affinity. The final buffer for the GST-fusion proteins was changed to 20 mM Tris buffer (pH 8.0), containing 150 mM NaCl and 2 mM 2-mercaptoethanol, using Centriprep (10 kDa cutoff; Millipore, Billerica, MA, USA). For the Snail-MC fragment (91-264) and its variants, the GST tag was cleaved by treatment of the tobacco etch virus protease and the protein mixture was dialyzed against 20 mM Tris buffer (pH 8.0) containing 150 mM NaCl, 0.2 mM ZnCl 2 and 2 mM 2-mercaptoethanol. The N-terminal region (residues 1-133) of b-catenin was expressed in E. coli and purified as described previously (Piao et al., 2008) .
Peptide synthesis
Peptide pS96 was prepared by solid-phase synthesis. The amino-acid sequence of pS96 peptide is shown in Figure 1a . The N-and C-termini of all peptides were modified by formylation and amidation, respectively. The identity and purity of the synthesized peptide were confirmed by mass spectrometry.
GST pull-down assay Glutathione agarose beads bound to each GST-fused protein were incubated with whole-cell lysates for 2 h at 4 1C. After washing with phosphate-buffered saline and RIPA, the bound proteins were subjected to SDS-PAGE and western blotting.
Cell migration assay
To assess the effect of CK1e siRNA on cell motility, woundhealing experiments were conducted. In brief, cells were grown to confluence on 30-mm cell culture dishes coated with rat tail collagen (20 mg/ml, BD Biosciences, Bedford, MA, USA), and were treated with control siRNA, CK1e siRNA, or a combination of CK1e siRNA and Snail. Then, a scratch was made in the cell layer using a razor blade. At 24 h after washing with phosphate-buffered saline, photographs of the scratched area were taken.
